INTRODUCTION
Proprioceptors are known to exist in the extraocular muscles (EOM) of most species, but their function still remains to be completely elucidated. Ocular proprioception is now known to be involved in the orientation selectivity of the visuaJ[ cortical neurons, in visual localization and orienting behavior and in depth perception (see Buisseret, 1995 for a review). The question as to whether it contributes directly to oculomotor control is still a matter of controversy, however, although responses to EOM stretching have been recorded in almost all the nervous structures involved in oculomotricity. Some recent results seem to indicate that eye proprioception may participate in controlling the vestibulo-ocular reflex in pigeons (Hayman & Donaldson, 1995) and in the spatial coding of memory guided saccades in humans (Allin et al., 1996) .
Applying mechanical vibration to human inferior rectus (IR) eye muscles gives rise to the illusion that a luminous spot fixated in complete darkness is moving upwards (Roll & Roll, 1987; Roll et al., 1991; Velay et al., 1994 Velay et al., , 1995 . It has been hypothesized that these visual illusions may be of proprioceptive and not of retinal origin, i.e., that they do not result from any actual *Laboratoire de Neurobiologie Int6grative et Adaptative, U.M.R.
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eye movements. This point has been checked only indirectly however, and eye position has never actually been monitored up to now during exposure to vibration. On the other hand, suggesting that the eye may move during vibration amounts to implicitly assuming that applying vibration elicits a motor response in one or several of the six EOM. It was established long ago that reflex muscle contraction can be evoked in skeletal muscles using high frequency mechanical vibration (Hagbarth & Eklund, 1966) . This so-called tonic vibration reflex (TVR) generally develops along with the illusory perception of movement. Now, the existence of a proprioceptive feedback mechanism in the oculomotor system has been extensively discussed and is still open to debate. It is generally held that since eye behavior is highly predictable, it does not need to be regulated by any proprioceptive loops. In addition, most species do not have the classical muscle spindles, which are mainly involved in the stretch-reflex, although they have stretch receptors with similar properties. If the EOM were devoid of any proprioceptive feedback mechanism, this would make them differ so greatly from the other skeletal muscles that numerous investigators have attempted, with contradictory results, to search for the existence of an extraocular stretch reflex (see Steinbach, 1987; and Carpenter, 1988 ; for a review). In 1971, Keller and Robinson published a very convincing study in which they reported that no response to EOM stretching was recorded in the ocular motoneurons of the alert monkey. Since this apparently overwhelming demonstration, it has been generally concluded that no reflex mechanism exists in the EOM, although contradictory reports have continued to be published (Marek & Markel, 1971; Barbas & Dubrovsky, 1981; Pettorossi & Filippi, 1981) . Species differences in the sensory equipment and/or differences between the stimulating and recording techniques used might be responsible for these discrepancies. Most of the experiments were carried out on deeply anesthetized animals or humans, by imposing passive single stretch on the muscles, and this might not be a perfectly appropriate means of detecting a feedback mechanism (Granit, 1975) . One cannot be sure that with imposed muscle stretching, the responses of the receptors actually mimic those which occur when the muscle contracts naturally, i.e., via alpha innervation (Steinbach, 1987) . In species which possess eye muscle spindles, the sensitivity of these receptors has been found to be tuned by gamma innervation (Whitteridge, 1959) , and the gamma system is not operational during passive stretching.
Applying high frequency sinusoidal vibration is a suitable means of activating the stretch receptors, and has previously been used to stimulate EOM in animals (Barbas & Dubrovsky, 1981; Pettorossi & Filippi, 1981) . These authors observed changes in the tension developed in the muscle during vibration and changes in the EMG activity, which were compatible with the idea that extraocular loops might be tonically activated. In humans, eye vibration can be used to study whether motor responses to vibration occur under more natural conditions. Preliminary results have shown that in addition to the perceptual illusions, vibrating the IR muscle of a fixating eye can cause an upward movement of the opposite covered eye, and vibration applied to the lateral rectus (LR) muscle induced an abduction of the other eye (Lennerstrand et al., 1991) . It was not attempted, however, to check whether any movement of the fixating vibrated eye occurred.
The purpose of the present study was two-fold: first, to investigate whether a vibration-induced motor response occurs in human EOM, and secondly, to check whether the visual illusions elicited in this way resulted from the proprioceptors being activated by the vibration, or whether they simply resulted from the retinal slip induced by a reflex eye movement.
METHODS

Task
The subjects were required to carefully fixate a red spot placed in front of them in total darkness for 7 sec. In half of the trials, vibration was applied to their seeing eye, either below (IR vibration) or on the temporal side of the eyeball (LR vibration). At the IR vibration session, the subjects had to simultaneously match the velocity of the perceived illusory movement by manually moving a stylus across a digitizing table. At the LR vibration session, we were mainly interested in the eye motor response, and for the sake of simplicity, the subjects were not required to match the illusion.
Experimental design and conditions
The experiment consisted of two sessions. At the first session, vibration was applied to the IR, and at the second session, to the LR. Fifteen trials divided into three blocks of five trials were run at each session with each subject. The first five trials served as controls and were performed without any vibration: the subjects just had to gaze at the spot for 7 sec. The five subsequent trials were run with a 3-sec period of vibration, and the last five trials were again control trials, without any vibration. The last block was designed to check what occurred after a series of vibration periods, which is known to induce after-effects, consisting of an illusory spot movement perceived after the vibration has stopped. Even when the vibrator was not activated in the control trials, it was kept in place so that no differences in the pressure exerted on the eye existed between the control and vibration trials. The seeing, vibrated eye was always the dominant one: it was established in a previous study that these were the best conditions for obtaining the strongest illusions (Velay et al., 1994) .
Apparatus
The subject was seated in front of a computer screen placed 50 cm from his seeing eye, and the other eye was patched. The visual target was a red spot (2 mm in diameter) placed exactly at seeing eye level. The subject's head was immobilized by means of a head restraint and a bite board. Mechanical vibrations with a 0.2-0.4 mm peak-to-peak amplitude (rectangular pulse: 3 msec) were applied to the seeing eye by means of an electromagnetic vibrator (L.D.S. type 101) to which a small probe was attached. The contacting surface of the probe was polished and had a concave shape which made it easily adaptable to the eyeball. The vibrator was mounted on a micro manipulator so that very fine movements were possible in all three spatial planes and the probe could be accurately positioned in contact with the eyeball. The micro manipulator was, in turn, attached to a two-dimensional column which was vertically and laterally adjustable to allow for larger displacements. The column was fixed to a firm support on the ground, which was separate from the head rest so that no vibration could be transmitted. A constant vibration frequency (80 Hz) was used in all the situations. The vibration amplitude was monitored by means of an optical device to ensure that it was kept constant with all the subjects. In order to prevent any blinking from being induced by abrupt application of the first vibration pulse, the maximum amplitude was reached progressively over a few periods. Vibratory pulses generated by a neurostimulator were transmitted to the vibrator via a power amplifier. In their right hand, the subjects held a stylus that could be moved over the surface of a vertical digitizer placed on their right side.
The subjects' eye movements were recorded with a In the first control trial, the eye was stable and no illusion occurred. In the vibration trial, the two temporal windows, in which the eye shift and visual illusion were measured, are shown: the illusion period was concomitant with the duration of the illusory movement. In this example, the illusion began after the vibration onset and ceased after the vibration offset. During the vibration, the eye moved slowly downwards. In the fina~l control trial, an illusory after-effect appeared immediately when the target spot was switched on, and lasted during the whole trial.
corneal reflection system., consisting of infra-red lightemitting and sensing elements placed in two independent goggles (Ober2 system, Permobil, Timr~, Sweden). The goggles were fixed to the head rest at a constant height with all the subject's, but they were laterally adjustable to each subject's morphology. Horizontal and vertical deviations in the 4-20 deg range could be recorded with a 4-0.2 deg resolution. A sample frequency of 50 Hz was used. Calibration was carried out before each session as follows: 9 points on the screen, arranged in a 3 x 3 square array and spaced 5 deg apart, were sequentially indicated by a spotlight that the subject was requested to fixate. The computer then calculated the parameters of the twodimensional power series mapping of the plane onto itself that minimized the quadratic error between the measured and actual coordinates of the screen-based matrix. This optimal mapping was finally applied to the raw experimental data.
Procedure
1R vibration. The vibrator probes were carefully adjusted underneath the eyeball in contact with the inferior eyelid. To ensure that the vibrator was in the right place, the subject was asked to stare at a target while low frequency vibrations were applied. Under these conditions, if the vibrator was correctly placed, the subjects reported a vertical spreading of the luminous spot. Once the vibrator had been perfectly placed, the experiment began. After the non-dominant eye had been occluded, the subject was left in total darkness, with his fight hand holding the stylus on the digitizer. When the spot appeared, he had to gaze at it and to pursue it whenever it moved. The subject was instructed to match with the stylus the speed of the illusory motion of the spot.
In the trials where vibration was applied, it began 1 sec after the spot onset, lasted for 3 sec and stopped 3 sec before the spot disappeared. Before the experiment, some practice trials were run in order to make the subjects A positive sign denotes an upward illusion and an upward eye rotation occurring in the case of vertical vibration, and an abduction in the case of horizontal vibration. A negative sign denotes a downward eye movement and an adduction when IR and LR muscles were vibrated, respectively. The error measures are standard deviations.
familiar both with the sensations induced by the eye vibration and with the manual tracking task requirements. In order to determine the "absolute" speed of the illusory movement of the spot, it was necessary to compute the ratio between perceived spot velocity and manual tracking velocity in each subject. Prior to the experiment, the subjects were therefore asked to track real movements of the luminous spot, at diverse speeds in the 1-5 deg/sec range. With each subject, it was then possible to calculate a conversion factor for translating the hand velocity, in digitizing table units, into the perceived spot velocity in deg/sec. When the LR muscle was to be vibrated, the vibrator was placed horizontally and a different, thinner probe, which was more suitable for pushing on the outer canthus, was used. In addition, the subjects were not required in this case to match the illusion on the digitizing table. Apart from these points, the experimental design and procedure were identical to those used at the IR vibration session.
Subjects
Ten subjects, two of whom were left-eyed, participated in the two vibration sessions. Ocular dominance was taken here to mean "directional dominance" and was checked by means of classical preference tests. The vibration was applied to the left (dominant) eye in the two left-eyed subjects. They were all volunteers and they all previously gave their informed consent: the study was approved by the ethical committee of the University. Some of the subjects were members of the laboratory staff, and the others were students at the University. The latter were paid for participating. They all had normal visual acuity in both eyes and were orthophoric.
Data analysis
The two temporal windows during which the hand and eye movements were measured are shown in Fig. 1 . The first, which ranged from 1 to 4 sec, corresponded to the time course of the eye movement between onset and offset of vibration: it was the time during which the ocular motor response was examined. The mean eye shift induced by the vibration was evaluated by subtracting eye position at the beginning from eye position at the end of this period. In the first and last blocks, the eye shifts occurring during the same temporal window were measured as controls with a view to making comparisons with the vibration block. The second temporal window ranged from the moment the illusion began to the moment it stopped: it was used to study the correlation between illusion and ocular drift. Both horizontal and vertical eye movements were analyzed.
RESULTS
Illusions
The illusions induced under the IR vibration conditions were quantified on the basis of the information provided by the subjects about the illusory motion of the spot, which they matched on the digitizing table (see Table 1 ). In the first control block, a few autokinetic illusions sometimes occurred in some of the subjects (14 trials out of 50, 28%), but they were very slow and their direction was variable.
In the vibration block, the subjects saw the luminous spot slowly rising in 41 out of 50 trials (82%) and they matched the illusory velocity by moving the stylus upwards on the digitizing table. The illusion latencies and durations were very variable: sometimes they were limited to the 3-sec period of vibration, but sometimes they lasted until the end of the trial. Because of this duration variability, we computed the hand displacement per time unit (manual tracking speed), Using the previously calculated conversion factor, we translated the manual speed into an illusory visual speed. A Student's ttest was carried out to compare the speeds of the illusions between the 41 vibration trials and the 14 control trials of the first block in which autokinetic illusions occurred, and these speeds were found to be statistically different (P < 0.001).
During the last control block, the subjects often still perceived an illusory upward motion of the visual spot despite the absence of vibration. These after-effects occurred in 34 out of the 50 trials (67%). The mean illusion velocity was significantly different from that of the first control block (P < 0.002) but not from that of the vibration trials (P = 0.41).
When the LR muscle was vibrated, no quantitative analysis of the illusion speed was performed but after the experiment, the subjects were asked to describe what they had felt during the vibration. In most of the vibration trials, they experienced a visual illusion of slow horizontal spot motion while tlae eye was being vibrated. The direction of this illusory movement depended on which eye was vibrated: the right-eyed subjects whose right LR was stimulated perceived a leftward motion, whereas the two left-eyed subjects whose left eye was vibrated perceived a rightward illusion. Again, some after-effects occurred in the final control trials and these were in the same direction as the illusion perceived during the vibration trials. All the subjects agreed, however, that the horizontal illusions were more difficult to elicit and more weakly perceived than the vertical ones.
Movement of the vibrated seeing eye
The values of both the horizontal and vertical eye movements recorded during the vibration period in all the subjects and in all the trials were subjected to an ANOVA. The horizontal component of the eye position was found to remain completely unchanged during the IR muscle vibration. Nor wa:~ any difference observed in the vertical component of the eye position "with" vs "without" LR stimulation. Consequently, in what follows, the eye position components in the direction orthogonal to the vibration direction will not be taken into account, and the data on the eye shifts in the direction of the vibration alone are given in Table 1 . The results of three typical trials are given in Fig. 1 .
The results of the ANOVA can be summarized as follows. In all the vibral:ion blocks combined, the eye shifts were globally not equal between the two vibrated muscles: they were larger with IR vibration than with LR vibration (P = 0.016). However, a significant interaction was found to occur between the vibrated muscle and the block of trials (P < 0.001), which means that the difference between IR and LR vibration depended on the block of trials under consideration. Indeed, as can be seen in Table 1 , the main difference between IR and LR was detected in the vibration trials. When the vertical shifts induced by IR vibration were compared with the horizontal shifts induced by LR vibration, they turned out to be significantly different (P < 0.001).
In the first control block, the eye sometimes showed some instability, and some slight drifts were observed in opposite directions from one trial to another and from one subject to another. The eye movements measured in the vibration block were larger than those observed in the control blocks. In fact, the effects of the vibration on eye stability differed depending on which muscle was vibrated: in the IR vibration situation, the eye movements were significantly larger in the vibration trials than in the control trials. More specifically, the eye moved 1.03 deg downwards with respect to the initial control trials (P = 0.006), and 1.50 deg downwards relative to the final control trials (P < 0.0001). These displacements measured during the 3 sec vibration period corresponded to a mean eye speed of 0.2;-0.5 deg/sec. Because of the slowness of the eye movement and the low recording frequency, it was not possible to calculate the latency of the eye shift exactly but the downward eye rotation generally began fairly soon after the onset of the vibration. Likewise, when the vibration ceased, the eye rapidly returned to its initial position. In the last control block, the eye was again stable: the mean drift observed in these trials was not statistically different from that observed in the first trials.
In order to determine whether a causal relationship existed between illusion and ocular movement, we calculated the correlation between the two variables, in both control and vibration trials. The correlation was computed in the two temporal windows previously described. During the vibration period, the mean correlations were -0.075 in the first control block, 0.076 in the vibration block and -0.157 in the last control block. During the illusion, the correlations were 0.104, 0.059 and -0.142, respectively. None of these correlation values reached the statistical significance level.
In response to vibration applied to the right eye LR muscle, the eye tended to move in the direction of abduction, that is rightwards when the right eye was vibrated and leftwards when the left eye was stimulated. The difference in comparison with the control trials did not reach the statistical significance level, however. In the LR vibration situations, none of the comparisons showed the existence of any significant effects.
Movement of the patched, non-vibrated, eye
As in the case of the seeing eye, the values of both the horizontal and vertical movements of the other eye were subjected to an ANOVA. Whichever muscle was vibrated, neither the vertical nor the horizontal components of the patched eye position showed any change when the viewing eye was vibrated as compared with the control trials. None of the comparisons made between the diverse situations reached the statistical significance level. In Table 1 , only the shifts observed in the same direction as the vibration are given.
DISCUSSION
Origin of the illusion
As established in previous studies (Roll & Roll, 1987; Roll et al., 1991; Velay et al., 1994 Velay et al., , 1995 , applying high frequency vibration to the eyeball elicits the illusory impression that a luminous spot is moving slowly in a direction which depends on the vibration site. The direction of these illusions is compatible with the idea that vibration may activate the stretch receptors, which in turn may signal that a lengthening of the vibrated muscle has occurred, and this signal may be interpreted as meaning that the eye is rotating in the corresponding direction. The speed of the illusion measured (0.56 deg/ sec) was identical to that obtained in a previous study with the same experimental procedure (Velay et al., 1995) .
The most novel finding obtained in this study was that vibrating the IR muscle also induced a slight downward rotation of the eye. This shift was not detected in previous studies because they included no monitoring of the eye position. Although the mean speed of the eye movements was low, it was of the same order of magnitude as the mean illusion speed. Moreover, the direction of the ocular shift was compatible with the direction of the illusion: as a matter of fact, a downward eye rotation with a stable spot is equivalent to an upward spot movement with the eye stable. Consequently, the perceptual illusion might be due to the retinal slipping of the image of the visual spot generated by the eye rotation, and not to the stimulation of extraocular muscle receptors. We nevertheless have several grounds for believing that these illusions are really of proprioceptive origin: first, they are not always accompanied by a downward movement and, in some instances, they can occur together with an upward eye rotation. Conversely, a downward eye rotation sometimes occurred without any illusion being elicited. In fact, if the eye shifts were responsible for the illusion, then the correlation between shift and illusion would be high in the vibration situation. Now, this was not the case: the correlation was very low. The strongest argument against the illusions being of retinal origin is the fact that in the last control trials, consecutive illusions were observed, the magnitude of which was equal to that obtained during vibration, but without any noticeable eye rotation.
Post-vibration illusions
At the end of a skeletal muscle vibration, motor and/or perceptual after-effects often occur. Post-vibration motor effects have been thoroughly studied (Rogers et al., 1985; Gregory et al., 1988; Gilhodes et al., 1992) . They are long-term after-effects, since they develop slowly and can last anything up to several minutes after the vibration offset. The exact nature of the central or peripheral neural mechanisms underlying these motor responses still remains to be elucidated, however. Muscle spindle post-discharges might theoretically occur subsequent to vibration, but these have been only rarely observed, and a drop in the muscle spindle resting discharge has been more frequently recorded (Ribot-Ciscar et al., 1995) . There are several grounds for assuming that the postvibration motor responses are not peripheral or spinal but mainly of central origin (Ribot-Ciscar et al., 1996) . As far as the eye muscles are concerned, nothing is known so far as to whether any post-vibration motor responses occur.
Although a great deal of research has been carried out on motor after-effects, very little attention has focused up to now on post-vibration illusions. At the end of a skeletal muscle vibration, a short-term, short-lasting illusion generally occurs, in the opposite direction to that of the illusion perceived during the vibration. The post-vibration illusions described here can be said to be long-term after-effects because they could last for several minutes after the end of the eye vibration. There seemed to be no obvious reason why they were in the same direction as that of the illusions perceived during vibration: no such long-term perceptual after-effects have ever been described to our knowledge after somatic muscle vibration.
Motor response
A motor response was obtained when the IR muscle was vibrated: it took the form of a downward rotation of the eye, i.e., a shortening of the vibrated muscle. In principle, this rotation may have resulted from either a contraction of the 1R muscle or a relaxation of the antagonist (superior rectus), or both. In the studies where passive pulling of the EOM was applied however, a response was obtained only in the muscle which was pulled, whereas no changes in motor activity were observed in any other extraocular muscles (Breinin, 1957; Marno, 1964; Marek & Markel, 1971) . Likewise, when high frequency vibration was applied, an increase in the muscle tension and EMG pattern was noted only in the vibrated muscle (Barbas & Dubrovsky, 1981; Pettorossi & Filippi, 1981) . It can, therefore, be assumed that the observed eye rotation was attributable to the increasing tension developing in the vibrated agonist muscle, as occurs in the TVR when the skeletal muscles are vibrated at a high frequency.
This response is compatible with the idea that there may exist some proprioceptive feedback control system in the EOM. The response latency was difficult to measure with any precision under our experimental conditions: it may be much longer than what might be expected in the case of a strictly phasic stretch reflex, however. The fact that no changes in eye position occurred in the direction perpendicular to the vibrated muscle indicates that the response is limited to the vibrated muscle and does not spread to the other muscles, as might be expected to occur if some cross-linked stretch reflex existed between all six eye muscles. Furthermore, the absence of a motor response in the fellow eye suggests that a local feedback confined to the vibrated eye side may have been involved, and not an interocular proprioceptive mechanism such as that proposed in the cat (O'Keefe & Berkley, 1991) . From this point of view, the results presented here are to some extent discordant with the results of a preliminary study (Lennerstrand et al., 1991) , where a change in the position of the nonvibrated eye was observed during vibration of the dominant eye. We have no definite explanation for this discrepancy, but the experimental conditions used in the present study were not completely identical to those used in the previous one, where the vibration durations were longer (5-10 sec) and where the subjects were lying down.
The motor response did not develop systematically, however, and in particular, it was not elicited when the LR was the vibrated muscle. This negative result suggests that the particular muscle in which the reflex is sought might be a crucial point which has perhaps been overlooked up to know. Most of the time, the proprioceptive response was sought in the horizontal muscles, and less attention was paid to the vertical ones. However, attempts to elicit the stretch response seem to have been more frequently fruitless in the case of horizontal muscles (McCouch & Adler, 1932; Sears et al., 1959; Keller & Robinson, 1971; Bach-y-Rim, 1972) . With vertical muscles, these attempts seldom failed, whether the proprioceptive feedback which was elicited was excitatory (Marek & Markel, 1971; Barbas & Dubrovsky, 1981) or inhibitory (Pettorossi & Filippi, 1981; Baichenko et al., 1968) . Might the possibility be worth envisaging that a proprioceptive feedback mechanism is operational in the vertical oculomotor system but that it may not be as efficient, or even absent in the horizontal one? In other words, why might the vertical muscles need to be more closely controlled than the horizontal ones?
It has been established that in cats (Harris et al., 1993 ) and humans (Steinbach & Lerman, 1990) , the centre of mass and the centre of rotation of the eye do not perfectly coincide. Consequently, the forces that the EOM must exert to overcome the torques generated by this noncoincidence vary with both the eye and head position. Steinbach (1992) has suggested that extraocular proprioception might subserve ;adjusting to changing loads, and thus play a similar role here to that observed in other skeletal muscles, and the larger the dipole between the centres of mass and rotation, the richer the proprioceptive equipment in the muscle is likely to be. This eyestabilizing role proposed for eye proprioception might mainly involve the vertical muscles, which have to cope with the fast raising an~d lowering of the head during walking, and with the vibration transmitted up through the body at each heel strike (Simon et al., 1981) . The presence of spindles in the eye muscles can be viewed as an improvement in the proprioceptive equipment, and it might be closely correlated with specialized functional requirements. Interestingly, the vertical muscles, particularly the IR, have often been found to be more richly endowed with muscle spindles than the horizontal ones, both in humans (Lukas et al., 1994) , and in monkeys, where no spindles were found to exist in the medial and lateral rectii (Maier et al., 1974) . Differences in spindle abundance might also explain why the illusions were weaker and the motor response absent when the LR muscle was vibrated in our study. A proprioceptive assistance mediated by tonic and/or phasic stretch reflexes would be a useful means of controlling the ocular vertical stability under conditions where the other compensatory systems are unable to take over. This tentative function for ocular proprioception will have to remain a matter of speculation until experiments specifically designed to investigate its very existence can be performed.
To conclude, applying; vibration to human eye muscles induced illusory movement of a fixated point, and depending on the mu,;cle, a motor response. These illusions cannot have resulted from retinal motion of the image of the fixated point, and were probably induced by the proprioceptive messages generated in response to the application of vibration. The results of this and other recent studies tend to place eye and body proprioception in a similar context, since they share the same properties: both play a role in spatial perception and subserve motor control regulations based on low-level reflex mechanisms.
